The growth of silicon nanotubes (SiNTs) by a dual-RF-plasma treatment technique is reported here. These SiNTs are vertically aligned and self-assembled from Si substrates at 500 °C by the use of Cu catalysts. Their diameters are ~50 to 80 nm with tubular wall thickness of ~10-15nm. Cu vapors were found partially filled inside the SiNTs. This is a novel technique that can convert bulk materials into their nanostructures.
INTRODUCTION
Silicon nanowires (SiNWs) [1, 2] are one of the most attractive nanomaterials because of their compatibility to the state-of-the-art integrated circuit technology. Different techniques have been used to synthesize SiNWs, such as laser ablation [1, 2] , chemical vapor deposition [3] . Recently, Silicon nanotubes (SiNTs) have attracted attentions because of their intrigue tubular structures and properties that could enhance the uses of SiNTs for applications. Theoretically, many research groups have investigated the possible existence of SiNTs [4] [5] [6] [7] [8] [9] , but not many experiments were reported. There are several reports on the growth of SiNTs by using templates. Sha et al. [10] grew SiNTs using a nanochannel Al 2 O 3 substrates by chemical vapor deposition (CVD). Jeong et al. [11] synthesized SiNTs on the alumina template by molecular beam epitaxy (MBE). Li et al. [12] reported fabrication of SiNTs by anodic aluminium oxide (AAO) templates. Recently, Tang et al. [13] synthesized self-assembled SiNTs under supercritically hydrothermal conditions. However, all of these techniques are low in yields. Here we report the growth of self-assembled SiNTs by a simple dual RF-plasma treatment. This technique is compatible to vacuum technology without involving templates, or dangerous precursors. Furthermore, these SiNTs are vertically aligned on substrates and can be easily extracted for applications.
EXPERIMENT
The growth of SiNTs was conducted in a stainless steel vacuum chamber as shown in Figure 1 . This chamber has a base pressure as low as ~5 × 10 -7 mbar. A p-type Si (100) substrate is used as the source materials as well as the substrate. This substrate has a nominal thermal oxide layer of ~100 nm. This substrate is heated up to 500 o C on a ceramic heater after the chamber was back filled with nitrogen gas of 5 × 10 -2 mbar. Two RF plasma generators (1 and 2 in Figure 1 ) are used for the growth of these SiNTs. Generator 1 is connected to the substrate steel holder (3 in Figure 1 ) by a copper wire. This plasma will generate dc bias voltages on the substrates. Generator 2 was connected to a molybdenum ring electrode ~ 3 cm in front of the substrate (4 in Figure 1 ) with a forward power of ~25 W (dc bias voltage -400V). These generators were applied for 4 h in each experiment. Subsequently, the substrate is cooled to the room temperature to complete the growth processes. Bias voltages generated by the plasmas will induce bombardments of N 2 + ions and initiate sputtering of the plasma wires and the substrates. These SiNTs were examined by field emission scanning electron microscopy (FESEM), transmission electron microscopy (TEM), x-ray mapping, and micro-Raman spectroscopy. Figure 2 shows a set of images obtained by scanning electron microscopy (SEM) and transmission electron microscopy (TEM) of the as grown SiNTs arrays. These SiNTs are vertically-aligned on the substrates. The density and length of SiNTs vary with the bias voltages on the substrates. SiNTs grown at -350V are having lower density and shorter length (< 3 µm) as shown in Figure 2a . The diameters of these SiNTs are ~60-120 nm at the tips. At higher bias voltages (for example -450V), SiNTs can be grown at higher densities and longer lengths (up to 10 µm) as shown in Figure 2b . The diameters of these SiNTs are ~40-100 nm at the tips. SiNTs can not be grown at bias voltages lower than -300V. Obviously, the density and length of these SiNTs depend on the substrate bias voltages. On the other hand, SiNTs can also be grown by Cu film coated substrates instead of using a Cu plasma wire (1 in Figure 1 ). For example, when the Cu wire is covered by using ceramic beads, SiNTs can not be grown on bare substrates but can be synthesized on substrates coated with 25nm thick Cu films as shown in Figure 1c . As shown, these SiNTs are shorter than those grown at similar condition with Cu plasma wire (Figure 1b) . TEM images reveal the interior morphology of these SiNTs as shown in Figure 2d . As shown, these particular SiNTs are having diameters ~50 to 80 nm and are partially filled. The wall thicknesses of these SiNTs are ~10-15 nm.
DISCUSSION
We have then characterized the element distribution of these SiNTs by a combined energy dispersive X-ray spectroscopy (EDS) and digital imaging technique (i.e. X-ray mapping) in a FESEM [14] . For these experiments, SiNTs were first scratched from the as grown samples and suspended in ethanol and then transferred on a graphite substrate. Figure 3a is the SEM image of some SiNTs which clearly shows the filled and hollow segments as consistent with the TEM images. As shown in Figure 3b , Si signals (dots) are homogeneously distributed along the SiNT. Some trace Si signals is detected from the substrate (background in Figure 3b ) due to the scratched Si powders on the graphite substrate. Cu mapping in Figure 3c shown that Cu appears ~ ~ 1 2 3 4 mainly on the filled segments. We also found that oxigen is homogeneously coexistent along the whole tube with Si (Figure 3d ). We believed that these signals are from the native oxide at the surfaces of these SiNTs. To supplement the X-ray mapping analysis, these SiNTs were characterized by Raman spectroscopy. In this case, a thick layer of SiNTs are coated on a graphite substrate from their suspension in ethanol. As shown in Figure 4a , these SiNTs are thick enough to cover the graphite surface underneath to suppress the strong graphitic peak from the substrate. Raman spectra were collected using a He-Ne excitation laser (632.8 nm, 1.96 eV) from a bare Si substrate and the SiNTs as shown in Figure 4b . As shown, the Raman shift detected from the Si substrate is shown with a strong sharp peak centered at ~520.7 cm -1 , and our SiNT has a peak at 518.7 cm -1 , which has its frequency down-shifted by 2 cm -1 . This is expected due to the phonon confinement effect of nanoscopic materials, which is also commonly observed from SiNWs [15] [16] [17] . Thus our Raman spectra confirmed that our samples are SiNTs. 
CONCLUSIONS
In summary, we have transformed Si substrates into vertically-aligned SiNTs by using a simple dual-RF-plasma treatment technique at 500 °C. SEM, TEM, X-ray mapping, and Raman spectroscopy are used to characterize the structures and physical properties of these SiNTs. As discussed, our approach can convert bulk Si substrates into SiNTs by Cu catalysts introduced either by Cu films or Cu vapors generated by RF plasma sputtering. We think that this approach could be useful for transforming other bulk materials into nanotubes or nanowires. 
